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A hallmark of anamniote vertebrate development is
a window of embryonic transcription-independent
cell divisions before onset of zygotic genome activa-
tion (ZGA). Chromatin determinants of ZGA are unex-
plored; however, marking of developmental genes
by modified histones in sperm suggests a predictive
role of histone marks for ZGA. In zebrafish, pre-ZGA
development for ten cell cycles provides an oppor-
tunity to examine whether genomic enrichment in
modified histones is present before initiation of tran-
scription. By profiling histone H3 trimethylation on all
zebrafish promoters before and after ZGA, we dem-
onstrate here an epigenetic prepatterning of devel-
opmental gene expression. This involves pre-ZGA
marking of transcriptionally inactive genes involved
in homeostatic and developmental regulation by
permissive H3K4me3 with or without repressive
H3K9me3 or H3K27me3. Our data suggest that his-
tone modifications are instructive for the develop-
mental gene expression program.
INTRODUCTION
Gene expression regulation is enabled by the alteration of chro-
matin states through epigenetic mechanisms involving DNA
methylation and posttranslational histone modifications. Histone
modifications can modulate DNA-histone interactions and serve
to recruit proteins by recognition of the modified histones
through specific domains; these factors, in turn, remodel chro-
matin to promote or repress transcription (Ruthenburg et al.,
2007). Among histone modifications the most extensively char-
acterized, trimethylation of lysine 4 of histone H3 (H3K4me3)
marks the transcription start site (TSS) of active genes, as well
as in the absence of transcription, while promoter occupancyDevelopmenby H3K27me3 or H3K9me3 promotes transcriptional repression.
In contrast, H3K36me3 is commonly found on gene bodies in
association with transcription elongation (Kolasinska-Zwierz
et al., 2009). Histone modifications are thus associated with
gene regulation events.
Histone modifications may also serve a predictive function for
gene expression. In embryonic stem (ES) cells, coenrichment in
H3K4me3 and H3K27me3 encompasses chromatin domains
containing developmentally regulated genes poised for tran-
scriptional activation (Azuara et al., 2006; Bernstein et al.,
2006). H3K4me3/K27me3 coenrichment has been identified in
somatic progenitors (Cui et al., 2009), differentiated cells (Barski
et al., 2007; Lindeman et al., 2010a), and zebrafish embryos
(Vastenhouw et al., 2010) and may constitute a mark predictive
of gene expression potential. However, coenrichment is not
predominant in embryos of Xenopus (Akkers et al., 2009) or
Drosophila (Schuettengruber et al., 2009). Combinatorial coinci-
dence of other histone modifications may convey additional
predictive functions (Wang et al., 2008; Kharchenko et al.,
2011; Ernst et al., 2011).
Relevant to the idea of a prepatterning of gene expression by
histone modifications are findings that mouse and human sperm
contain histones (in addition to protamines), some of which are
marked by H3K4me2/3 and H3K27me3 (Hammoud et al.,
2009; Brykczynska et al., 2010). Zebrafish sperm, which lack
protamines, also harbor H3K4me3, H3K27me3, H3K9me3,
and H3K36me3 (Wu et al., 2011). Gene ontology (GO) highlights
homeostatic and developmental functions for H3K4me3-
marked genes and developmental functions for genes marked
by H3K27me3 (Wu et al., 2011). Moreover, sperm from pig
(Jeong et al., 2007) and Xenopus (Shechter et al., 2009) contain
H3K9me3. These observations lead to the suggestion of trans-
mission of permissive and repressive instructions from gamete
to embryo through fertilization (Puschendorf et al., 2008; Brykc-
zynska et al., 2010; Arico et al., 2011; Wu et al., 2011).
An inheritance model implies detection of modified histones
during early development. While immunostaining of mouse pro-
nuclei and blastomeres supports this view (Albert and Peters,
2009; Puschendorf et al., 2008), chromatin immunoprecipitationtal Cell 21, 993–1004, December 13, 2011 ª2011 Elsevier Inc. 993
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Prepatterning of the Developmental Program(ChIP) data in Xenopus and zebrafish embryos show genomic
enrichment in H3K4me3 or H3K27me3 from the time of zygotic
gene activation (ZGA) onward (Akkers et al., 2009; Lindeman
et al., 2010b; Vastenhouw et al., 2010; Aday et al., 2011). These
observations imply that histone modifications may confer regu-
latory functions at the time of ZGA; however, they leave the ques-
tion open of whether an epigenetic prepatterning exists prior
to ZGA.
In zebrafish, ZGA onset occurs at the mid-blastula transition
(MBT) 3.3 hr postfertilization (hpf) and is associated with length-
ening of the cell cycle and increase in the nuclear/cytoplasmic
ratio (Tadros and Lipshitz, 2009). Prior to the MBT, embryonic
genes are silent (Kane and Kimmel, 1993) and our recent RNA-
sequencing (RNA-seq) profiling of the early zebrafish tran-
scriptome (Aanes et al., 2011) questions evidence of pre-MBT
transcription (Leung et al., 2003; Mathavan et al., 2005). Pre-
MBT development proceeds from maternal pools of mRNAs
and has been shown to occur in the absence of transcription
(Mu¨ller et al., 2001).
Zebrafish pre-MBT stages last for ten cell cycles and provide
an ideal opportunity to test the hypothesis of pre-ZGA epigenetic
patterning of the developmental program in the absence of tran-
scription. By profiling histone methylation on promoters before
and at the time of ZGA, we demonstrate here the marking of
homeostatic and developmentally regulated genes by permis-
sive and repressive histone marks before ZGA onset. Our data
are consistent with a pre-ZGA patterning of the embryonic tran-
scriptional program by modified histones and suggest an in-
structive role of epigenetic modifications in developmental
gene expression.
RESULTS
Establishment of Chromatin States during Early
Development
To address how embryos are epigenetically programmed prior
to ZGA, we profiled by ChIP-chip the occupancy of promoters
and 50 end of genes by H3K4me3, a permissive modification,
H3K27me3, a mark associated with inactive promoters,
H3K36me3, a mark of transcription elongation found on gene
bodies, and H3K9me3, another modification associated with
inactive promoters. We also interrogated RNA polymerase II
(RNAPII) occupancy using an antibody against the NH2-terminal
domain, recognizing unphosphorylated and phosphorylated
forms of RNAPII, to assess transcriptional poising and elonga-
tion. To this end, we used a sensitive ChIP assay that we opti-
mized for early stage zebrafish embryos (Lindeman et al.,
2009). Embryos were analyzed before ZGA at the 256-cell stage
(2.5 hpf, ‘‘pre-MBT’’; this time point enables recovery of chro-
matin in sufficient amounts for ChIP); during ZGA onset (3.3
hpf, ‘‘MBT’’) and after ZGA onset (50% epiboly; 5.3 hpf, ‘‘post-
MBT’’; Figure 1A). Data were analyzed in the context of our
recent RNA-seq analysis of unfertilized eggs, 1-cell, 16-cell,
128/256-cell (pre-MBT), MBT, and post-MBT embryos (Aanes
et al., 2011). ChIP DNA was hybridized to a high-density micro-
array tiling 15 kb of upstream regulatory sequence and 5 kb
downstream of the TSS of all zebrafish genes including 12,697
RefSeq genes (Lindeman et al., 2010a) (Figure 1A). Peaks of
enrichment were detected using MA2C with p % 104 and994 Developmental Cell 21, 993–1004, December 13, 2011 ª2011 Elenriched regions were assigned to RefSeq genes. ChIP-chip
data were normalized to input chromatin used in each ChIP,
determined by A260, which was kept constant for each stage
examined. This eliminated potential bias that might have been
caused by inefficient chromatin preparation from small cell
numbers.
This approach reveals developmental stage-dependent en-
richment in trimethylated H3K4, H3K27, H3K9, H3K36, and in
RNAPII (Figures 1B and 1C; see Figure S1 available online; see
Table S1 for gene lists). We detect H3K4me3 enrichment on
over 1000 genes as early as the 256-cell stage (pre-MBT) and
on over 9000 genes at MBT and post-MBT stages (Figure 1C).
On a subset of genes, the level of H3K4me3 increases between
pre-MBT and MBT as genes become transcriptionally com-
petent (Figure 1B). This is observed for maternally expressed
genes, which are not transcribed per se pre-MBT but become
upregulated after the MBT (Figures 1B and 1D; bactin1,
pou5f1; Table S2) (Aanes et al., 2011), and for zygotic genes
which are not expressed until after the MBT (akap12, tbx16).
H3K4me3 enrichment peaks at the TSS (Figure 1B; dachb,
uba3), or occurs as larger blocks including the coding region
(Figure 1B, bactin1, pou5f1, akap12, tbx16) or entire loci such
as hox loci (Figure 1B; hoxb1b; Figure S2A). H3K27me3 and
H3K9me3 are also detected pre-MBT yet on fewer genes than
H3K4me3 (Figure 1C), with H3K27me3 also peaking at the
TSS (Figure 1B; dachb) or covering genes (Figure 1B, hoxb1b;
Figure S2A). Subsequently, H3K27me3 globally precedes
H3K9me3, which occurs between MBT and post-MBT stages
(Figure 1C). H3K36me3 is detected from the MBT onward
together with variable levels of RNAPII, primarily on the coding
region of genes upregulated after the MBT (Figures 1B–1D).
This is particularly evident on genes expressed maternally (i.e.,
with transcripts detected pre-MBT) and upregulated after MBT
(Figure 1B, bactin1, pou5f1) as well as on zygotic genes (Figures
1B and 1D; akap12, tbx16). Altogether, these results reveal
stage-dependent genomic enrichment in H3K4, K9, K27 and
K36 trimethylation. H3K4me3, H3K9me3 and H3K27me3 are
detected as early as the 256-cell stage, suggesting mechanisms
of transcriptional repression already in place at this stage.
Low abundance of modified histones and low nuclear/
cytoplasmic ratios at the pre-MBT stage pose a technical chal-
lenge for ChIP. Thus, we validated our results by several in-
dependent approaches. We first show H3K4me3, H3K27me3
and H3K9me3 occupancy by quantitative (q)PCR tiling of single
genes after triplicate ChIPs for eachmodification (Figures 2A and
2B). These geneswere randomly selected among those enriched
in H3K4me3 pre-MBT irrespective of H3K27 or H3K9me3 enrich-
ment or localization within the tiled region (see also Figure 2A).
These data are substantiated by three additional ChIP-qPCRs
using different anti-H3K4me3 and H3K27me3 antibodies (Fig-
ure S2B). Moreover, as our ChIP protocol involves a DNA-protein
crosslinking step, we confirm by native carrier ChIP, which
does not involve crosslinking (O’Neill et al., 2006), H3K4me3,
H3K9me3, and H3K27me3 occupancy at the pre-MBT stage
(Figure 2C). Western blotting confirms the presence of
H3K4me3 as early as the 256-cell stage (Figure 2D). Lastly, we
show H3K4me3 by immunofluorescence using two different
antibodies in interphase nuclei of 128-cell, 256-cell, 512-cell,
and dome stage embryos (Figure 2E, arrows; Figure S2C). Ofsevier Inc.
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Figure 1. Developmental Stage-Specific Enrichment in Trimethylated H3K4, H3K9, H3K27, H3K36, and RNAPII
(A) Experimental design.
(B) ChIP-chip profiles of histone H3methylation and RNAPII occupancy on indicated genes (MA2C scores) at pre-MBT,MBT, and post-MBT stages. Arrows point
to enriched areas. Red bars indicate out-of-scale scores. myo6b is shown as a gene not enriched at the stages examined.
(C) Developmental enrichment in H3K4me3, H3K9me3, H3K27me3, H3K36me3, and RNAPII.
(D) RNA-seq expression profile of genes shown in (B).
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Prepatterning of the Developmental Programnote, H3K4me3 is also detected on mitotic chromosomes at
each stage (Figure 2E, arrowheads). This is in line with identifica-
tion of H3K4me3 domains on metaphase chromosomes of
somatic cells (Terrenoire et al., 2010) and suggests continuityDevelopmenof histone modification marks during the synchronous cell
cycles of pre-MBT stage embryos. These results demonstrate
H3K4me3, H3K9me3 and H3K27me3 enrichment on a subset
of genes as early as the 256-cell stage, consistent with atal Cell 21, 993–1004, December 13, 2011 ª2011 Elsevier Inc. 995
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Figure 2. Enrichment in H3K4me3, H3K27me3, and H3K9me3 at the Pre-MBT Stage
(A) H3K4me3, H3K27me3, and H3K9me3 ChIP-chip profiles on indicated genes at the pre-MBT stage (MA2C scores). Genes were ranked as follows, in
decreasing order, among the 1081 genes enriched in H3K4me3 pre-MBT: shha (107), fmr1 (226), hoxa9b (284), hoxa11b (464),myh6 (679); shhbwas also selected
for its H3K4me3 marking (though not enrichment) in the absence of H3K9me3. Arrows (bottom track) mark amplicons examined by ChIP-qPCR in (B).
(B) ChIP-qPCR validation of H3K4me3, H3K27me3, and H3K9me3 pre-MBT marking on indicated genes (mean ± SD of three ChIPs with each antibody).
(C) Native ChIP-PCR validation of H3K4me3, H3K27me3, and H3K9me3 occupancy.
(D) Western blot analysis of H3K4me3 in developing embryos.
(E) Immunofluorescence detection of H3K4me3 in the animal pole of embryos at indicated stages. Arrows and arrowheads point to labeled nuclei and meta-
phases, respectively. Signal intensity is adjusted to 128-cell images. Time points: 128-cell, 2.2 hpf; 256-cell, 2.5 hpf; 512-cell, 2.7 hpf; Dome, 4.3 hpf. I, interphase;
M, metaphase. Scale bar, 10 mm.
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Prepatterning of the Developmental Programpre-ZGA marking of the genome by posttranslationally modified
histones.
H3K4me3-Marked Genes at the 256-Cell Stage
Are Transcriptionally Inactive
Pre-ZGA genome marking by H3K4me3 implies that genes
occupied by H3K4me3 at the 256-cell stage are not transcribed996 Developmental Cell 21, 993–1004, December 13, 2011 ª2011 Elat this stage. Prior to the MBT, embryonic genes are inactive
(Kane and Kimmel, 1993). To ascertain that H3K4me3-marked
genes are not transcribed pre-MBT, we first show that these
genes have no H3K36me3 and no exon-bound RNAPII (Fig-
ure 3A; when detected, RNAPII is on the promoter; Figure 3B).
Next, we assessed the presence of transcripts pre-MBT using
our RNA-seq data. We classified transcripts as ‘‘detected’’ andsevier Inc.
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Figure 3. H3K4me3 Marks Transcriptionally
Inactive Genes Prior to ZGA
(A) Venn diagram analysis of pre-MBT H3K4me3-
marked genes in relation to RNAPII, H3K36me3,
and transcript detection by RNA-seq.
(B) Pre-MBT RNAPII enrichment on H3K4me3-
marked genes coincides with promoters. MA2C
and peak scores are shown. Arrows point to TSS
enrichment. Tiled regions are delineated by nucle-
otide number (chromosome 1; left: NM_001080190;
right, in the 50/30 orientation: spark, zgc:92638,
presenilin2, zgc:112208).
(C) Overlap between genes with detected tran-
scripts at the pre-MBT (256-cell) stage and in
oocytes.
(D) RT-PCR analysis of expression of indicated
H3K4me3-marked genes at the pre-MBT (256-cell)
and post-MBT stages, using oligo(dT) or random
priming for cDNA synthesis. Transcripts from
known maternal genes were used as positive con-
trols. PCR without RT (-RT) was done as negative
control.
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Prepatterning of the Developmental Program‘‘nondetected’’ if greater than five reads or five or fewer reads,
respectively, were mapped to them (see Experimental Proce-
dures). We find that 31% (n = 337) of the pre-MBT H3K4me3-
marked genes have no transcript at this stage (Figure 3A). Genes
with a corresponding transcript are maternally expressed
because they lack coding region-bound RNAPII or H3K36me3
(Figure 3A) and they are also found in unfertilized eggs (Fig-
ure 3C). Further, since RNA-seq data were generated from
poly(A)+ mRNA, some of the H3K4me3-marked genes may be
transcribed but the RNA is not polyadenylated. Thus, we confirm
the lack of transcription of a subset of the pre-MBT H3K4me3-
marked genes, by RT-PCR using as template cDNA synthesized
from oligo(dT) beads or by random priming (Figure 3D). We
conclude that pre-MBT H3K4me3-marked genes are not tran-
scribed, and that H3K4me3 enrichment at this stage is not indic-
ative of transcriptional activity.
Multivalent and Dynamic Chromatin Signatures during
Early Development
Stage-specific enrichment in H3K4me3, H3K9me3, and
H3K27me3 in embryos prompts the determination of whether
pre-MBT H3K4me3-marked genes acquire a repressive mark
later in development. To this end, we established an epigenetic
fate map of the pre-MBT H3K4me3-marked genes (Figure 4A;
Figures S3A and S3B). Remarkably, 18% of these genes are
already coenriched in H3K27me3 and/or H3K9me3 at the pre-
MBT stage (Figure 4A). Among ‘‘H3K4me3-only’’ genes, weDevelopmental Cell 21, 993–1004, Dfind that the majority gain H3K27me3 or
less frequently H3K9me3 at the MBT or
post-MBT stages (Figures 4A and 4B),
and the vast majority of these genes retain
the acquired repressive mark(s) post-MBT
(Figure 4A; Figure S3B).
Next, coenrichment of H3K4me3 with
repressive marks prompted the evaluation
of the coincidence of these marks within
the tiled regions. We detect promotersenriched in H3K4me3 together with H3K27me3, H3K9me3,
or both marks (Figures 4A and 4C; Figure S3C). The numbers
of coenriched promoters increases dramatically from pre-MBT
to post-MBT, with H3K4me3/K27me3 prevailing at the MBT
whereas H3K4me3/K9me3 and H3K4me3/K9me3/K27me3
coincidence substantially increases post-MBT (Figure 4C).
H3K4me3/K9me3/K27me3 coenrichment is reminiscent of re-
cent findings in mammalian ES cells (Bilodeau et al., 2009; Haw-
kins et al., 2010) suggesting that despite the species difference,
ES cells may retain this embryonic feature.
Trimethylation of H3K4, K9, and K27Marks Functionally
Distinct Gene Sets before ZGA
To evaluate the significance of pre-MBT enrichment in trimethy-
lated H3K4, H3K9, or H3K27, we determined GO terms enriched
for the corresponding genes at this stage (Figure 4D; Table S3).
H3K4me3genes aremost significantly involved in cellular homeo-
stasis including metabolic and synthetic processes, as well as in
transcription regulation and embryonic development (including
members of the bhlh, cebp, fox, gata, hox, nkx, pou, runx, sox
and tbx gene families). Differential repressive histone marking
delineates already at the pre-MBT stage distinct functional cate-
gories: H3K27me3-marked genes are associated with tran-
scription regulation and development (Figure 4D), and while no
enriched GO terms are found for H3K9me3, examination of all
GO terms reveals cell adhesion/migration, cell cycle and transport
(data not shown). Among the pre-MBT H3K4me3-marked genesecember 13, 2011 ª2011 Elsevier Inc. 997
AB C
D
Figure 4. Epigenetic Fate of Genes Marked by H3K4me3 Pre-MBT
(A) Epigenetic fate map of pre-MBT H3K4me3-marked genes (supporting Venn diagrams are shown in Figure S3A). Epigenetic signatures are shown with
corresponding numbers of genes. Arrow thickness reflects the numbers of genes concerned by a given change.
(B) Examples of pre-MBT H3K4me3-marked genes that gain H3K27me3 or H3K9me3 at the MBT stage (MA2C scores). Horizontal bars visualize significant
enrichment peaks (p < 104).
(C) Coenrichment in H3H4me3, H3K9me3 and H3K27me3 during development.
(D) Most significant GO terms associated with indicated histone modifications at the pre-MBT stage.
Developmental Cell
Prepatterning of the Developmental Programcoenriched in H3K27me3 or H3K9me3, H3K27me3 targets genes
involved in metabolism, transcription regulation and develop-
ment,whileH3K9me3 targetsgenes involved inchromatin assem-
bly (Figure 4D). The developmental functions linked to H3K4me3/
K27me3-enriched genes are consistent with those associated998 Developmental Cell 21, 993–1004, December 13, 2011 ª2011 Elwith H3K4me3/K27me3 ‘‘bivalency’’ in ES cells (Bernstein et al.,
2006; Pan et al., 2007) and mouse embryos (Dahl et al., 2010).
Our data indicate therefore that an early step of the develop-
mental program entails the marking of promoters with important
homeostatic and developmental functions prior to ZGA onset.sevier Inc.
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Figure 5. Pre-MBT H3K4me3-Marked Genes Are Preferentially
Expressed Later in Development
(A) Percentage of genes expressed at indicated stages (x axis) that are en-
riched in H3K4me3 pre-MBT (green bars) versus all expressed RefSeq genes
(gray bars). *p < 105 relative to all.
(B) Box plot analysis of gene expression levels at theMBT stage (RNA-seq), for
pre-MBT H3K4me3-marked genes versus all RefSeq genes. *p = 2 3 1016
relative to all.
(C and D) Top 10 enriched GO terms among genes expressed at the MBT
stage, and that are either (C) enriched or (D) not enriched in H3K4me3
pre-MBT.
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Prepatterning of the Developmental ProgramAfter ZGA onset, H3K4me3/K27me3 remains mainly associ-
ated with developmental functions, as well as cell projection
and migration processes (Table S3); the latter is particularly rele-
vant in the context of cell movements characterizing gastrula-
tion, which starts post-MBT. H3K4me3/K9me3-marked genes
are in contrast enriched in G protein signaling functions (Table
S3). We also note a broadening of GO terms enriched among
H3K4me3-marked genes post-MBT, consistent with somatic
cell data (Barski et al., 2007; Lindeman et al., 2010b).
Pre-MBT H3K4me3 Marking Suggests a Predictive Role
for the Embryonic Transcription Program
Premarking of homeostasis and developmental genes by
H3K4me3 before ZGA is suggestive of a developmental instruc-
tive function of pre-MBT H3K4me3 marking. One would then
expect that a significant fraction of these genes are expressed
at or after ZGA, and that these genes would functionally cluster
differently from expressed genes that are not marked by
H3K4me3 pre-MBT. Indeed, using our RNaseq data, we first
find that pre-MBT H3K4me3 genes are enriched among those
expressed from the MBT onward relative to the proportion of
all upregulated RefSeq genes (p < 105, Figure 5A). This is in
line with the number of pre-MBT H3K4me3 genes enriched in
RNAPII at the post-MBT stage (Figure S4C). The homeostatic
and developmental functions of the pre-MBT H3K4me3-marked
genes are also in line with their transcriptional induction after
ZGA. Further, most genes not expressed or enriched in RNAPII
post-MBT are held in a repressive mode by H3K9me3 and/or
H3K27me3 pre-MBT (data not shown). Second, pre-MBT
H4K3me3-marked genes are more strongly expressed than all
RefSeq genes at the MBT stage (p = 2 3 1016, Wilcoxon rank
sum test; Figure 5B). Thus, pre-MBT H3K4me3 enrichment is
strongly associated with a propensity for transcriptional activa-
tion after ZGA; this is consistent with a predictive function of
pre-MBT H3K4me3 marking for the embryonic gene expression
program.
Third, among genes that become expressed after ZGA,
pre-MBT H3K4me3 marking defines a subset of genes with
distinct GO terms relative to expressed genes not marked by
H3K4me3 pre-MBT: H3K4me3-marked genes are most signifi-
cantly associated with transcription regulation functions (Fig-
ure 5C) while unmarked genes directly pertain to development
(Figure 5D). Therefore, not only does H3K4me3 target develop-
mentally regulated genes at the pre-MBT stage, it also clusters
genes with specific developmental functions.
Overlap between H4K3me3-Marked Genes in Sperm
and in Pre-MBT Stage Embryos
Recent epigenetic profiling of zebrafish sperm indicates that
genes needed for embryonic development are marked by com-
binations of histone modifications including H3K4me3 and
H3K27me3 (Wu et al., 2011). This observation enables a closer
look at the hypothesis of transgenerational inheritance of histone
marks. Comparing the top 800 genes enriched in H3K4me3 or
H3K27me3 in sperm with pre-MBT-marked genes, we find 97
and 81, respectively, overlapping genes, making up 9% and
40% of the pre-MBT H3K4me3- and H3K27me3-marked genes
(Figure 6A). Remarkably, 94% of the genesmarked by H3K4me3
in both sperm and embryos are expressed at MBT or post-MBTDevelopmen(Figure 6C), which is far above the proportion of all RefSeq genes
becoming expressed at these stages (see Figure 5A; p < 105).
This proportion is strikingly identical to that of H3K4me3-marked
genes in ‘‘sperm only’’ that become expressed, and greater thantal Cell 21, 993–1004, December 13, 2011 ª2011 Elsevier Inc. 999
H3K4me3
H3K27me3
1081
97
81
744
720 201
Sperm Pre-MBT % of
sperm
% of
Pre-MBT
12% 9%
11% 40%
BA
C
%
o
f p
re
-M
BT
H
3K
4m
e3
/K
27
m
e3
ge
ne
s
Mark detected in sperm
%
o
fg
en
es
e
xp
re
ss
ed
a
t M
BT
o
r
po
st
-M
BT
** **
*
*
*
*
R
ef
Se
q
H3K4me3 H3K27me3
Figure 6. Overlap of Genes Enriched in H3K4me3
or H3K27me3 in Sperm and in Pre-MBT Embryos
(A) Venn diagram analysis of overlapping H3K4me3- or
H3K27me3-marked genes in sperm and in pre-MBT em-
bryos, with percentages.
(B) Percentage of pre-MBT H3K4me3/K27me3-enriched
genes that are marked by H3K27me3 or H3K4me3 in
sperm. Sperm data are from Wu et al. (2011).
(C) Percentage of genes enriched in H3K4me3 or
H3K27me3 in sperm (sp.), pre-MBT embryos (emb.) or
both, that are expressed or upregulated at the MBT
or post-MBT stages.
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Prepatterning of the Developmental Programthe fraction of H3K4me3-marked genes at pre-MBT only (Fig-
ure 6C). Altogether, this indicates a strong propensity of
H3K4me3 to mark genes in sperm that will be expressed at the
time of ZGA. The proportion of sperm-only or sperm- and
embryo-H3K27me3-marked genes becoming expressed is in
contrast lower than that of RefSeq genes (Figure 6C; p < 104).
H3K4me3-marked genes in the sperm and pre-MBT embryo
intersect (Figure 6A) are primarily implicated in metabolic pro-
cesses, whereas H3K27me3 is associated with transcription
regulation and developmental functions; these notably include
the homeobox gene families fox, hox, gbx, pax, phox, six, sox,
and tbx (Table S4). One should also note that H3K4me2/3 and
H3K27me3 genes identified in human and mouse sperm are
also respectively enriched in homeostatic and developmental
functions (Hammoud et al., 2009; Brykczynska et al., 2010), as
in zebrafish embryos. Collectively, these findings are consistent
with the suggestion of inheritance of histone modifications from
sperm to embryos (Puschendorf et al., 2008; Hammoud et al.,
2009; Brykczynska et al., 2010; Wu et al., 2011; Arico et al.,
2011), and with an instructive role of histone modifications for
the developmental program. Interestingly, we find that 53% of
pre-MBT H3K4me3/K27me3 genes are marked by H3K27me3
(without H3K4me3) in sperm, as opposed to 8% that are marked
by H3K4me3 (Figure 6B). Our data therefore also raise the
hypothesis that the marking of developmentally important genes
(such as homeobox genes) by H3K27me3 in sperm may play
a role in the establishment of a poised chromatin state in the
embryo prior to ZGA.
Histone Methylation Profiles of Developmentally
Upregulated Genes
A hallmark of development is a dynamic gene expression profile
resulting from up- and downregulation of cohorts of develop-
mentally regulated genes (Aanes et al., 2011; Graveley et al.,
2011). It remains unknown, however, whether genes in these
clusters are differentially ‘‘primed’’ by specific chromatin states1000 Developmental Cell 21, 993–1004, December 13, 2011 ª2011 Elsevier Inc.for activation. To address this issue, we defined
clusters of geneswith distinct mRNA expression
profiles and examined the histone methylation
profile of these clusters at the pre-MBT, MBT
and post-MBT stages (see Experimental Proce-
dures) (Figure 7A). We defined a ‘‘maternal-
zygotic cluster’’ consisting of geneswithmRNAs
detected in unfertilized eggs and significantly
upregulated at the MBT or post-MBT stages(608 genes); a ‘‘zygotic cluster’’ consisting of mRNAs detected
from the MBT or post-MBT onward (438 genes); and a cluster
of geneswith no detected transcripts at any stage (‘‘nondetected
cluster’’; 2990 genes).
Consistent with the lack of transcription pre-MBT, we find that
virtually no genes in the zygotic and maternal-zygotic clusters
harbor H3K36me3 or RNAPII until after the MBT (Figures 7B
and 7C, spry1, bactin2), when genes become expressed (Fig-
ure 7D). As expected, the majority of genes with nondetected
transcripts display neither H3K36me3 nor RNAPII (Figure 7B
and 7C, bmpr2a). A small number of genes not expressed
post-MBT (verified by RT-PCR; Figure S4A) nevertheless display
H3K36me3 occasionally on the coding region in the absence of
RNAPII enrichment (Figure 7C), or on the promoter region (Fig-
ure S4B). Promoter enrichment in H3K36me3 has also notably
been reported in sperm (Wu et al., 2011) and is consistent with
the repressive role of this modification on transcription initiation
(Carrozza et al., 2005).
Enrichment in H3K4, K9, and K27 trimethylation is both cluster
and stage specific. Throughout developmental stages, genes
without detected transcripts contain the highest proportions of
‘‘no enrichment’’ in any of the marks, the lowest proportions of
H3K4me3-marked genes, and the highest proportions of repres-
sively marked genes (Figure 7E). Furthermore,15% of genes in
the zygotic andmaternal-zygotic clusters, i.e., upregulated at the
MBT or post-MBT, are enriched in H3K4me3 at the pre-MBT
stage (Figure 7E). However, at the MBT and post-MBT stages,
a greater proportion of maternal-zygotic genes are enriched in
H3K4me3 than zygotic genes, suggesting that maternal genes
are preferentially targeted for H3K4me3 at the time of ZGA. We
also note in the zygotic and maternal-zygotic clusters significant
proportions of genes apparently coenriched in H3K4me3 with
H3K27me3 and/or H3K9me3 (Figure 7E). As these genes are
transcribed, this may reflect a spatial regulation of expression
in the embryo (Akkers et al., 2009; Schuettengruber et al.,
2009). Collectively, these results indicate that embryonic gene
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Figure 7. Chromatin States of Developmentally Regulated Gene Clusters
(A) Schematic mRNA expression profiles and numbers of genes in the maternal-zygotic cluster, the zygotic cluster, and genes with nondetected transcripts.
(B) Percentage of genes of each cluster enriched in RNAPII and/or H3K36me3 at MBT and post-MBT stages.
(C) MBT and post-MBT H3K36me3 and RNAPII profiles on a nonexpressed gene (bmpr2a), a maternal-zygotic gene (bactin2) and a zygotic gene (spry1). Note
RNAPII enrichment on spry1 and bactin2 post-MBT coinciding with transcriptional upregulation (see D).
(D) RNA-seq profile of bactin2, bmpr2a, and spyr1. Values are from Aanes et al. (2011).
(E) Proportions of genes of the zygotic, maternal-zygotic and the nondetected clusters marked by H3K4me3, H3K9me3, H3K27me3 or combinations thereof at
the pre-MBT, MBT, and post-MBT stages.
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Prepatterning of the Developmental Programupregulation from theMBT onward correlates with the establish-
ment of complex patterns of promoter enrichment in histone
modification. Nonetheless, a significant proportion of genes acti-
vated at of after ZGA are marked by modified histones prior
to ZGA.
DISCUSSION
We provide evidence of temporal enrichment of promoters in
histone H3 methylation marks starting prior to the onset of ZGA
during zebrafish development. Our findings demonstrate a pre-
ZGA patterning of the developmental transcription program by
trimethylation of H3K4, K9, and K27 at the 256-cell stage on
genes important for homeostasis, transcription regulation, and
development. Consistent with this observation is the detection
of transcripts for SET-domain proteins at pre-MBT stages (Sun
et al., 2008) and indications by RNA-seq (Aanes et al., 2011)
that zebrafish eggs are already loaded with polyadenylatedDevelopmentmRNAs for histone methyltransferases of H3K4 (setdb1a,
setdb1b, mll, setd7), H3K9 (ehmt2, ehmt1a, suv39h1b), and
H3K27 (ezh2). Pre-MBT genome marking by modified histones
is not restricted to trimethylated H3K4, K27 or K9, as histone
H4 is alsoacetylatedpre-MBT (Toyamaet al., 2008). Interestingly,
H4 acetylation mediates preferential binding of the BRD4 tran-
scription factor in vitro (Dey et al., 2003; Toyama et al., 2008),
suggesting that acetylated H4 may premark genes for BRD4
targeting and transcription after ZGA onset (Toyama et al.,
2008). It should be mentioned that a component of the temporal
dynamics of modified histone (or transcription factor) enrichment
detected during development may be reduced to detection
sensitivity; thus appearance of a mark may not only reflect de
novomarking but also a spreading of a preexistingmark, in terms
of the number of cells harboring the mark and the number of
histone molecules bearing the mark at a given genomic site.
Prepatterning of embryonic gene expression by histonemarks
is consistent with a model of epigenetic modifications having anal Cell 21, 993–1004, December 13, 2011 ª2011 Elsevier Inc. 1001
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Prepatterning of the Developmental Programinstructive role for the developmental program. An instructive
role implies that pre-MBT H3K4me3-marked genes are tran-
scriptionally inactive, as we show here, consistent with the over-
all transcriptional quiescence at pre-MBT stages (Schier, 2007;
Tadros and Lipshitz, 2009). Promoters can be targeted for
H3K4 trimethylation in the absence of transcription (Bernstein
et al., 2006; Blythe et al., 2010) and genomic context plays
a role in this process. Indeed, CpG islands that lack DNA meth-
ylation are sufficient for SETD1-mediated H3K4 trimethylation
(Thomson et al., 2010). H3K4 trimethylation on target promoters
at pre-MBT stages in Xenopus embryos may also indirectly
involve WNT signaling via b-catenin in a manner temporarily un-
coupled from target gene transcription (Blythe et al., 2010).
Zebrafish embryos may utilize similar mechanisms for address-
ing H3K4 trimethylation to promoters prior to ZGA, an issue
that remains to be examined.
Early developmental instructions may thus be encoded by
enrichment in specific histone marks. Pre-MBT H3K4me3-
marked genes are more likely to be activated than unmarked
genes, and second, coenrichment in H3K27me3 or H3K9me3
after MBT segregates genes into distinct functional classes.
Thus, some functional specificity may be assigned by distinct
histone methylation-mediated gene repression mechanisms,
for example for genes regulating germlayer specification (Chan
et al., 2009). A role of histone methylation as a mechanism of
regulation of transcriptional repression is implied by the recent
observation of uncoupling of DNA methylation and gene repres-
sion in Xenopus embryos (Bogdanovic et al., 2011). Functional
specificity may also be determined by the combinatorial binding
of transcription factors that regulate activity of cis regulatory
elements during development (Zinzen et al., 2009). Of note, chro-
matin prepattering is likely to be important not only for early
developmental decisions but also for cell fate determination
during organogenesis (Xu et al., 2011).
An instructive role of histone marks for development is
consistent with specific genes in pre-MBT stage embryos
carrying the same marks in sperm (Wu et al., 2011). This is also
in line with, in mammalian and zebrafish sperm, H3K4me3 or
H3K27me3 marking of genes enriched in similar GO terms as
pre-MBT H3K4me3-marked genes in our study (Hammoud
et al., 2009; Brykczynska et al., 2010; Wu et al., 2011). Moreover,
H3K27me3 decorates chromatin inmousemale pronuclei before
ZGA (Albert and Peters, 2009; Puschendorf et al., 2008). These
findings suggest that early developmental instructions may be
provided by specific genomic positioning of histones marks in
gametes, which may be transmitted to the embryo through
fertilization (Puschendorf et al., 2008; Brykczynska et al., 2010;
Arico et al., 2011). Proving this hypothesis will require additional
data at stages that are technically challenging to examine due to
the low level of modified histones (Vastenhouw et al., 2010) (this
paper) and the sensitivity of current immunological approaches.
An alternative interpretation of our findings is a postfertilization
reconstitution of epigenetic marks based on DNA sequence
rather than through a copy of histone modifications on the repli-
cated DNA in the embryo. Such a pattern would arguably not be
inherited stricto sensu from gametes but represent an inherent
instructive property of DNA. A reconstitution model on genes
already bearing the marks in sperm would nonetheless argue
that some instructive continuity be perpetuated. This may be at1002 Developmental Cell 21, 993–1004, December 13, 2011 ª2011 Ethe level of histone variants (Wu et al., 2011), DNA methylation
(Weber et al., 2007; Wu et al., 2011), transposons (Aravin et al.,
2008), or small RNAs (Aravin and Bourc’his, 2008), all of which
have been identified in sperm. Additional functional studies
testing the significance of pre-MBT marking of the genome
by histone modifications, and how prepatterning is determined
will help elucidate processes taking place during pre-MBT
stages as the embryo prepares for zygotic gene activation.
EXPERIMENTAL PROCEDURES
Antibodies
Antibodies used for ChIP-chip were to H3K4me3 (Diagenode 003-050),
H3K27me3 (Millipore 07-449), H3K9me3 (Diagenode 056-050), H3K36me3
(Diagenode 058-050), and RNAPII (Santa Cruz sc-899). Antibodies used for
ChIP-qPCR were to H3K4me3 (Diagenode or Millipore 07-473, as specified)
and H3K27me3 (Millipore or Diagenode 069-050, as specified) and H3K9me3
(Diagenode). Antibodies used for carrier ChIP-PCR were anti-H3K4me3
(Abcam ab8580), anti-H3K9me3 (Millipore 07-442), and anti-H3K27me3
(Diagenode). Anti-H3K4me3 antibodies used for immunostaining were from
Abcam (ab8580) and Cell Signaling (9727). Antibodies used for immunoblot-
ting were from Diagenode (H3K4me3, H3K9me3, H3K36me3), Millipore
(H3K27me3), Abcam (H3, ab1791), Santa Cruz (RNAPII, CTD4H8 sc47701),
and Sigma-Aldrich (g-tubulin, T5326).
Chromatin Immunoprecipitation
Zebrafish embryos at the pre-MBT, MBT, and post-MBT stages were re-
spectively collected 2.5, 3.5, and 5.3 hpf, while monitoring developmental
stage. Embryos were mechanically dechorionated, crosslinked and chromatin
prepared as described (Lindeman et al., 2009). Chromatin was diluted to
0.25 U A260 for all embryo stages before ChIP, providing standardized
amounts of input chromatin for each ChIP from each embryo stage. ChIP
was performed (Lindeman et al., 2009) in three to six replicates with each anti-
body. For ChIP-chip, ChIP DNA was RNase-treated, amplified and amplifica-
tion products were cleaned up, eluted, and processed for labeling and array
hybridization (Roche-Nimblegen) or used for quantitative (q)PCR (Lindeman
et al., 2010a).
Array Hybridization and Data Analysis
ChIP and input DNA was hybridized onto high-density promoter arrays
described (Lindeman et al., 2010a). Signal intensity data were normalized
using MA2C (Song et al., 2007). Each probe was assigned an MA2C score
to reflect normalized and window-averaged log2 ChIP/Input ratios. For peak
calling, a P-value cut-off of 104 was used. GO term enrichment was calcu-
lated using Bioconductor GOstats.
Carrier ChIP
Carrier ChIP was performed as described (O’Neill et al., 2006) with modifica-
tions. Embryos (n = 300) at the 256-cell stage were washed in ice-cold PBS/
5 mM sodium butyrate. Cells were snap-frozen and stored at 20C. Upon
thawing, cells were mixed with Drosophila SL2 cells, suspended in 500 ml
NB buffer (15 mM Tris-HCl [pH 7.4], 60 mM KCl, 15 mM NaCl, 5 mM MgCl2,
0.1 mM EGTA, 0.5 mM 2-mercaptoethanol, 0.1 mM PMSF), mixed with
250 ml 1% Tween-40 in NB buffer and left on ice for 10 min. Nuclei
were released by 5 strokes in a Dounce homogenizer, sedimented (100 g,
15 min, 4C), washed in 1 ml NB/5% sucrose and resedimented (100 g,
20 min. 4C). Nuclei were resuspended in digestion buffer (50 mM Tris-HCl
[pH 7.4], 0.32 M sucrose, 4 mM MgCl2, 1 mM CaCl2, 0.1 mM PMSF) to
0.5 mg/ml chromatin. Chromatin was digested with 50 U micrococcal
nuclease for 5 min at 28C, sedimented (100 g, 20 min, 4C) and the superna-
tant (S1) was transferred to a new tube. The pellet was resuspended in 400 ml
lysis buffer (2 mM Tris-HCl [pH 7.4], 0.2 mM EDTA, 5 mM sodium butyrate,
0.2 mM PMSF) and dialyzed overnight against lysis buffer and the dialyzed
fraction centrifuged (100 g, 10 min). The supernatant was pooled with S1
and used for ChIP using antibodies to H3K4me3 (Abcam), H3K9me3
(Diagenode) and H3K27me3 (Diagenode).lsevier Inc.
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Quantitative (q)PCR and RT-PCR conditions and primers are described in
Supplemental Experimental Procedures.
RNA Sequencing and Developmental Gene Clustering
RNA-seq data (available in GEO under accession number GSE22830) were
from a parallel study investigating the transcriptome of early zebrafish
embryos (Aanes et al., 2011). For consistency with promoter array data, reads
were mapped to Zv7 using Bioscope v1.1 (Applied Biosystems) and mapped
reads were counted for each RefSeq annotation. Read counts were first
normalized to account for global shifts in RNA expression during development,
then normalized to transcript length. Expression data were mapped to NCBI
Gene IDs covered by the Nimblegen array to allow gene-level correlation
between expression and histone modifications. The clustering strategy used
to generate cohorts of genes defined as maternal, maternal-zygotic and
with nondetected transcripts is described in Supplemental Experimental
Procedures.
Immunofluorescence
Embryos were fixed in 4% PFA, 125 mMHEPES (pH 7.6; 30 min, 4C), re-fixed
in 8% PFA, 125 mMHEPES (pH 7.6; 60 min, 4C) followed by permeabilization
in 0.5% Triton X-100 in PBS (30 min, gentle rocking). Embryos were blocked in
10%NBCS (Sigma-Aldrich) for 1 hr and immunolabeled with primary antibody
overnight at 4C. Embryos were washed in PBS and incubated in anti-rabbit-
HRP (1:200) overnight at 4C. Embryos were washed in PBS and incubated
in Cyanine 3 Tyramide diluted 1:50 in Amplification Reagent (NEL704A,
PerkinElmer) for 30 min. Embryos were washed in PBS and mounted in
VectaShield containing DAPI (Vector Labs). Images were taken with a Zeiss
LSM-S10 confocal microscope.
Western Blotting
Embryos at each developmental stage examined were dechorionated using
Pronase (1 mg/ml; Sigma-Aldrich) for 5-10 min at room temperature. After
washing in PBS, embryos were transferred to 500 ml of deyolking solution
(55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3) and sedimented for 30 s at
4C. After washing in PBS, cell pellets were snap-frozen and stored at 80C
until use. After thawing, cells were lysed in 1 3 SDS sample buffer containing
protease inhibitors (eComplete, Roche), immediately heated at 70C for
5 min and kept on ice until loading on a 4%–20% Tris-HCl gel. For analysis
of H3K4me3, H3K9me3, H3K27me3, H3K36me3, and g-tubulin, numbers of
embryo equivalents loaded per lane were 150, 100, and 25 for pre-MBT,
MBT and post-MBT stages respectively. For H3 and RNAPII, 20 embryo
equivalents were loaded for each developmental stage. Immunoblotting
and visualization were according to the Odyssey System (LI-COR Bio-
sciences). Antibody dilutions were 1:1000 for H3K4me3, H3K27me3,
H3K36me3 and H3, 1:500 for H3K9me3 and RNAPII CTD4H8, and 1:10,000
for g-tubulin.
ACCESSION NUMBERS
ChIP-chip data have been deposited in NCBI GEO with accession code
number GSE27314.
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